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PREFACE

This technical report was prepared by the Thermophysical and
Electronic Properties Information Analysis Center (TEPIAC), a
Department of Defense Information Analysis Center. This Center is
operated by the Center for Information and Numerical Data Analysis and
Synthesis (CINDAS), Purdue University, West Lafayette, Indiana, under
Contract No. DLA900-79-C-1O0'7 with the Defense Logistics Agency
(DLA), Alexandria, Virginia, with Mr. J. L. Blue(Hq. DLA) being the
IAC Program Manager, and under the technical direction of the Army
Materials and Mechanics Research Center (AMMRC), Watertown,
Massachusetts, with Mr. Samuel Valencia being the Contracting.'-.
Officer's Technical Representative.

This is a sta.te-of-the-art report on the thermcphysical and
electrical properties of metal matrix composites, aiming at presenting
ali the available data and information on all the properties covered
by TEPIAC. However, data and information have been found only for
five properties and eight groups of metal matrix composites. The
available data and information are presented in this report in a
comprehensive and detailed form making it possible for all interested
users of the data to have access to the original data without having
to duplicate the laborious and costly process of comprehensive search
of the literature and meticulous extraction of the data and
information. 2

Ti.e data contained in this report have been obtained from a total
of 41 technical reports and papers, 22' of them coming from foreign
sources. It is suspected that a significant number of more recent
reports generated under DOD sponsorshir, have not been reported to the
DDC and therefore are not readily available. A special effort will be
made in the future to uncover such reports if they exist.

It is hoped that this worn will prove useful to engineers and .- ,.

scientists working on various engineering research and development
programs. As metal matrix composites are candidates for structural
materials for aircrafts and spacecrafts, this report should constitute
a valuable source of data and information for aerospace industry as
well as defense applications.

It is our plan to update and upgrade this report periodically
through the critical evaluation of the raw data reported herein and
from any additional sources that may come to our attention. <"

Y. S. TOULOUKIAN
Director of CINDAS
Distinguished Atkins Professor

West Lafayette, Indiana of Engineering
December 1979 Purdue University
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INTRODUCTION

The purpose of this report is to present the available

experimental data and information on the thermophysical and

electrical properties of metal matrix composites. These data

have been found as a result of an exhauszive search of the DDC.

NTIS, and TEPIAC's own data banks. The resulting data are from

research documents published over the period 1957 to 1979.

Although the literature search was aimed at seeking data for all

the thermophysical and electronic properties of metal matrix

composites, there are only five properties for which data have

been found. These are the thermal linear expansion, thermal

conductivity, specific heat. thermal emittance. and electrical

resistivity. Furthermore, most of the data are for the thermal

tinear. expansion. There are eight groups of metal matrix

composites for which data have been found: these are the various

- omposites of aluminum and aluminum alloy matrices, copper

m*t-ix, lead matrix, magnesium matrix, nickel and nickel alloy

matrices, titanium and titanium alloy matrices, tungsten matrix,

a-d zinc matrix. Most of the data are for aluminum and aluminum

alloy matrix composites. No attempt has been made to evaluate

the compiled data at this time.

The organization of this report is as follows. Each chapter

is for the therraophysical and electrical properties of a distinct

group of metal matrix composites and -he chapters are arranged in

the alprnabetical order of The various metal matrices. Within a

chapter each section is for a particular kind of fiber, filanent,



2

wire, or whisker. Within a given section the data for each

property are presented in both tabular and graphical forms and

the order of the properties is arranged such that the property

with the more abundant data comes first. Eefore presenting the

numerical data, a short discussion of the data together with

referqnces is given, which is followed by a data table and one or

more figures. Thus each section constitutes a self-contained

unit. In the data table each data set is accompanied by a

statement pertainin- to the sample identification, specification,

znd rewarks. In the figure all data for a given property are

shown except where the data points are too close together; in

such case some of the data points may be omitted from the figure

ror the sake of clarity and these omitted data points are

indicated in the data table by asterisks. In addition, when

"-here! is o-iIy -3 single data point available for a property of a

n.et' mtrix composite, no figure is jiven for that property.

The technical terms, symbols, and units used in this report

are defined below:

cp Specific heat, in J kg-1 K- 1

AL/Lo Thermal linear Apansion, in Z

Ail change in length of a material

compared Lo a ref'•rence length

LO reference length of a material

at 293 K
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T Temperature, in K

Thermal emittance. dimensionless

Thermal conductivity- in W m-'K-1

Electrica! resistivity, in 1OQ m

Data on the thermal linear expansion are given as percent

elongation, aJ,/L 0 (Z). In order to compare all the avaihable data

from the literature on the sa•me basis, --he thermal expansion has

been arbitrarily set Lo zero at 293 K, which is the reference --.

temperat-ue. In cases where the reference temperatures used by

the authors are different from 293 V., the data are corrected such

that the AL/Lo(%) value at 293 K is zero. This correction factor

-sed is called zero point correction and is given in the

"Specifications and Remarks' column of the data table.

An Index to Materials and Properties at the end of this

repor'. will assist in the rapid locazion of information on

materials and properties for which data are reported.

I:':: :
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CHAPTER I

ALUMINUM AND ALUMINUM ALLOY MATRIX COMPOSITES

1.1. BORON FIBER, ALUMINUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

There are 14 data sets available for the thermal expansion

of boron fiber aluminum matrix composites E1.2]. Wolff and Hill

[1) reported the data for composites with 10, 30, and 60 volume

percent continuous aligned and discontinuous random boron fibers.

Salibekov et al. [2] reported data for both heating and cooling " -

cycles for composites with 10 and 30 volume percent boron fibers

in the directions parallel and perpendicular to the fiber axis.

Salibekov et al. [2] observed a permanent contraction of about

0.12 after a heating and cooling cycle and the thermal expansion

perpendicular to the fiber axis being about four times higher

than that along the fiber axis at 730 K.

THERMAL CONDUCTIVITY

There are two referencos [1,3] in which the thermal

conductivity of boron fiber aluminum .matrix- composite are

reported. Ref. [1] reported values for a composite of low fiber

content as a function of temperature (-- 326 - 366 K). Ret. [3]

reported the change of thermal conductivity, value with fiber

volume content, and with heat flow direction (parallel and

perpendicular to the fiber direction).

I=
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ELECTRICAL RESISTIVITY

Only two sets of measurements on the electrical resistivity

of an aluminum-boron composite, containing 60 volume percent

uiniaxial boron fibers, have been reported from 78 to 400 K with

the electrical current parallel and perpendicular to the fibers

from [4]. Both transverse and longitudinal resistivities

approach a linear behavior at higher temperatures. However, at

low temperature there is a noticeable difference with the

longitudinal resistivity exhibiting a normal metallic behavior.

REFERENCES

1. Wolff, E.G. and Hill, R.J., U.S. Air Force Rept. AFML-;TR-67--

140, 163 pp., 1967. [AD-818 4391

2. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4). 702-6, 1972.

3. Chamis, C., NASA Rept. TN D-6696. 27 pp., 1972. [N72-185821

4. Abukay, D.. Rao. K.V., Arajs, S., and Yao, Y.D., Fibre Sci.

Technol.. 10(4). 313-8. 1977.
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1.2. GRAPHITE FIBER, ALUMINUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

* Salibekov et al. [i] reported thermal expansion data for

*" composites containing 45 volume percent graphite fibers. Thermal

expansion of this composites increased upon heating to 150C,.

decreased upon further heating to 500°C, and the specimen

contracted to a constant value of about 0.08% after cooling to

room temperature. The specimen upon a second cooling cycle

showed a similar but less pronounced trend. This unusual nature

of the thermal expansion was explained as due to the relaxation - .

of residual stresses in the material which were generated on

cooling the material from the sintering temperature (iOO0 C).

These stresses compress the fibers and extend the matrix.

REFERENCE

1. Salibekov, S.E., Portnoi, K.I., and Chubarov, N.M., High

Temp., 10(4), 702-6, 1972.
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1.3. Kh1SNIOT FIBER, ADI ALUMINIUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for ADI

aluminum ( >99.3%AI,O.35X Si, O.05Z Cu. and 0.03X Fe ) reinforced

with 12 and 20 volume percent Kh18N1OT ( Russian equiv&lent of

AISI 321 stainless steel ) fibers. Introduction of fibers into

the matrix and increasing its concentration caused the

coefficient of thermal expansion to decrease monotonically.

Karpinos et al. [1] stated that the angle between the fiber

direction in a specimen and the specimen's longitudinal axis

strongly affects the coefficient of thermal expansion.

THERMAL CONDUCTIVITY

The thermal conductivity of KhISN1OT fiber aluminum matrix

composite has been investigated by KarpAnos et.al. (2]. The

fiber content of the specimens varies from 7.5 to 53 volume

percent. The thermal conductivity values over a wide temperature

range (-330 - 900 K) foj heat flow at 0*, 30°, 60°. and 90° with

respect to the fiber direction are reported. For the sake of

clarity, only values for the parallel (0°) and the perpendicular

(900) directions were illustrated in the figure. In general,

values for intermediate heat flow directions fall between the

values for heat flow at 0 deg. and 90 deg..

REFERENCES

1. Karpinos, D.M.,- Kadyrov, V.Kh., Klimenko, V.S., Fefer.

V.Ya., and Miroshnikova, T.K,, Sov. Powder Met. Metal.
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Ceram., (4), 301-3, 1974.

2. Karpinos, fl.M., Klimenko, V.S.b and Kadyrov, V.H.. High

Temp. High Pressures, 5(l), 143-7, 1973.
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1.4. QUARTZ FIBER, ALUMINUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Salibekov et al. [i] reported a value of 0.55 x 10-6 K.-

for the instantaneous coefficient o "thermal expansion at room

temperature for a composite containing 70 volume X aluminum

matrix.

REFERENCE

1. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4). 702-6, 1972.
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1.5. U8A STEEL FIBER, ADI ALUMINUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION ""

Karpinos et al. El] reported thermal expansion data for ADI

aluminum reinforced with 9 and 20 volume percent U8A steel ( .

Russian equivalent of AISI W I steel) fibers.. Introduction of

fibers into the matrix and increasing its concentration causes

the coefficient of thermal expansion to decrease monotonically.

Karpinos et al. [1] stated that the angle between the fiber

direction in a specimen and the specimen's longitudinal axis

strongly affects the coefficient of thermal expansion.

7-1
REFERENCE

,, -.

1. Karpinos. D.M., Kadyrov, V.Kh., Klimenko° V.S.. Fefer, -4

V.Ya., and Miroshnikova, T.K.. Soy. Powder Met. Metal.

_- Ceram.(4), 301-3, 1974.

. . 7



37

>4

0"",)Sv
,•o, 0 •> .,o0 '.

S0"> 9 r 0 -. ".'
0 : 0 J: -,4 C .';.

XD -' S.0) 0.-A4 0. ) 00V

0). it .1.
0 ,-x"

Wz .4-1
z I-- %-,, , :-:

0,) o 0O) 10 "0 rzz a4 V
'4/2 < 0 r0L- 4
aO.4 - 4-. "*0 0 01) 0 L- 0
<X U - 0 " 0.. ,C ,-
DO 0 0.a i 5.d 0 . 0 0 toH W

.•.Xri3 , - r ID .1. - ,~0 .- 5:: """ D•3 ) - 0 0 •'• • . ..

S-X 1w .,.•C,0 0 d "U 4) 0 4) 43. )*1 0
(d 0 .0 -4 0bo d 4) 1.4.iJ.0J45-. L544L . CQ

c . r4 r, . #4 . - b (r.; 0 I 0,..
. 4 - 0X -.. . 0 A . 4, 10 94)L4:ý . 0.4 4.

< W_ ( 0 0 4 3, 95.• -P 0 0 L . CjOr.€0O4 .00 40 !: •
vE ( 4'4 *(dDU i. I0 ~4) bo L40 0)

54 4W 0 .2 r.I r_ 0.0 4- 0 t.-' 0 0-.:,d
0 0 4) ) L. o• S- S 4) r.-.0 .- %0

4c . o z 0 V I0 :: 0.0. 4o 04.) 74 v " -. , (d :(: ,

*r 0-I 0) - be0- r 0 0 f( 0 4

, 1 VI".0 .a.) V r.- 00 0.•, 0 0 .- V : 0
fla' -O : 0 3 0-bO . 0 *0- W 0 0

4 v ., 0, 0 d. 0oS..0 S . ,, . 0o . >..) .5 (d..-.o4
9 0-. W ( C a.t 0D 0( 0 420 Vh4 W0r . 0(U0 0 m. .00Wý

4 z o 0 : 0.. 0 0 . 0-4 . fO C 1. 43 4, r4
t4 " 1 Z• .0-L)o o r4 .C 0 x0 to 0 ".C."

E- 4 C d J, 3:: 0. 0 -H0 '.a (d A -0 0 '. 4 .C '0 0- .... r.0 -< . 0 4) 0~ ID.4 0.0-14 0 d 4 .) L 0 C% ba -P

0 W 0 00 S O r 0 V 0 t. W- . 9 Cd -O'C4 .04

. d 5 V 0 4 - 0 - 0 -,A 0 0 Cý 0 0 CI4b > 4)-0 .),.
W4 V 4) S .30 00 C*.4044- 0ID0.L)> 0 .5.0

E- W 0 4 0db S1 (d~r00 .4 .) 4 ) 0 54)> 0U 5
AC D - A [ d O (d 0 r- 1 9 VO -4 r- ,-• ID o

W E.--. 0. 4 - .X- - (d V .-0C . 4o " 0.4).0 OD

(/2 C0>.-iIT ((I IJ00 I~ I "0)•

Aq -4 .r4"r4 0 41-
W 4) Q 4) 0-. 0 (0 0 0N• : ( 4 r C 0 r. 4 . _L._ Id

M*- >4 <40 >00C 0 4.) >0 0 (d 8r4 > V2 be

cD ,V -D 0)-DED))
E- 9 W 0 O t- D C 0) 0) v4[0 t IT 0 1,.lED

A .. -4v 0 0 q-4 0CD t- D00.-4 0 0 0 CV-e

o, 'll ... . . . . .: . ."

S.. .J 0000000000vii-I 000;000

1/1. r-Il II '::

0.., I- T. -.0).- I- N

._. - ..4... . .- -_.4

.- , v-4 .. N CO Q)..T .. -.. -. t- - Q N .oi

2 * * * .* .



K- 38

0~~ r. it r9C

-A .4 .,j.,

0. S-4 $4 L4
IV-' 0 0 0) lii' ( 0 43

0 0*~

4))

z 0% bo ( bO (d bo (d bo (d bo (d

0 E-. 4; Id*9 (U '9l (d *r4 (U .,j (U .14

ixa..4) 949 4 4) 'A V4 4.) -A .r4 4) -H.-A .4) ri~
bo bf bo be ho ..

zu (U 0 04 0 0 A 0 0 A.0 0 06.0 0 110400
8- 0- **94- 0.94'-. 09V4 -4 0.4.-4 094) Aý:
04 x ) ) 0 43 0.4) 0.4) 041.) 0.4)
ly, z )0 0 x 0 A 0 0 x 00 x 0 0

w0- 00- 00- 00- 00-

W 0940 040 04 (A (A 0.940

(d4)0 0 *- 0 0 Id4 0 0 .94410 0 940 0 941

o . 444) C .4 4) 4 (8 4)4 c J 4)4 X 4)4) 0

- 0 *4) r. .94r.( *r9Q~ r00 *40 C
ý4 1.40 x4) a)9 24)09d4L 2409 X 2)U) 09 Ic4) 0 I946
0 <4011 *94)1. *s01) 9404 *44?Q.

.9 S-0 9 0:qa

0)C04)C 4)
Imt aP I -o O 0 )-r4 3900 -4j% NO) ('10)3 - :0 , 3

94)4 " 4 0io S4)4 ---. ... DCD3 0)! w( 'CS4) 1-
(d 01. 0 0.- 0V) 0. 0 (d M0 (d

< 14

ODWDO0 00 00 00 00 00 h

r= E-~ m)8omom( 00 .00 00 00 00 9

I4~



39

rr

120

C3

LL

El

C; M4 '4 2 0 0

%



K . . - ... . - - -ý - - . .4 .. . - . ... . .. . .. .. ... . . .

40V
1.8. GRAPHITE FIBERALUMINUM-201 MATRIX COMPOSITE

THERMAL EXPANSION

Armstrong and Ellison [1] reported 12 data sets for the

thermal linear expansion of 24 and 29 volume percent *GY 70"

graphite fiber in an aluminum-201 matrix. The expansion studies

were carried out by the Properties Research Labcratory (PRL) of

Purdue University and Fiber Materials Inc. (FMI). Measurements

were conducted on composites which were diffusion-bonded at

pressures from 3000 to 4000 psig. The average longitudinal mean

coefficient of thermal expansion for 29 volume percent fiber

ranged from 5.32x10-6 °C-1 (-157*C to 22° 0 ) from FMI measurements

and 6.41x10- 6  *C-1  (-157*C to 22 0C) from PRL measurements to

6.10xl10 6 *C-1 (22*C to 121*0C from FMI measurements and

5.22x10"6  *C'- (22°C to 121C) from PRL measurements. Higher

expansion was reported for a composite with 24 volume percent

fiber. Armstrong and Ellison [I] also reported data for a

specimen that was therma!ly cycled 20 and 1000 times.

THERMAL CONDUCTIVITY

"There is one reference [1] in which the thermal conductivity

of a graphite fiber (GY 70) aluminum-201 matrix composite was

reported. The specimens were panels made of aligned, monolayer

fibers coated with aluminum-201. Before being consolidated into .

panels, the coated fibers were aligned and c!added in aluminum-

2024 foils. For some of the panels, the fibers are encapsulated

in aluminum-2024 foils. The fiber contents of these composites

varied from 24 to 29 volume percent. Thermal conductivity values

",. "*
* * "°' .'.
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for heat flow both i- the perpendicular and the parallel

directions (to the fibers) were reported. Values in the parallel ..

direction are about two times of those in the perpendicular

direction at liquid nitrogen temperature, and increase to about

2Z times at 450 K.

ELECTRICAL RESISTIVITY

Only one reference contains data on the electrical

resistivity of aluminum-201 matrix with 24, 27.75, and 29 volume

percent graphite fiber for temperatures from 116 to 394 K [1].

REFERENCE

1. Armstrong, H.H. and Ellison, A.M., U.S. Air Force Rept.

AFML-TR-79-4007, 213 pp., 1979.
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1.7. BORSIC FIBER, ALUMINUM-1100 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Kreider and Patarini [11 reported thermal expansion for

diffusion-bonded composites containing 24, 28, and 50 volume .-

percent Borsic fibers (boron fibers coated with silicon carbide)

in both the longitudinal and transverse directions. Longitudinal

percent thermal expansion decreased from 0.188 for the 24 volume

percent composite to 0.129 for the 50 volume percent composite

near 570 K. Transverse expansion also showed a similar

decreasing trend. The expansion pattern was fairly uniform.

REFERENCE

1. Kreider. K.G. and Patarini, V.M., Trans. Met. Soc. AIME,

1(12). 3431-5, 1970.
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1.8. 'E' GLASS FIBER, ALUMINUM-2014 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

There are 24 data sets available for the thermal expansion

of parallel oriented 'E' glass ( electrically conduncting

borosilicate glass) fibers in an aluminum-2014 matrix [1-2]. The .

data are for composites containing 20-40 volume percent glass

fibers during several heating and cooling cycles. Lockwood [I]

1 and Ailes [21 reported that these composites exibited a permanent

"contraction after initial heating and cooling cycles and that

eolthis contraction becomes less after succeeding cycles. Lockwood 2
[1] explained this on the basis that glass fibers contract a •..

finite amount at high temperature and slippage of fibers within

the metal as a result of internal straining of the metal due to

different thermal expansion of the fibers and the matrix. Ailes

[2] observed a cumulative contraction of about 0.2 -0.4% after -

initial heatine. "

REFERENCES ~

i. Lockwood, P.A., Owens-Corning Fiberglas Corp. Rept., 164

pp., 1960. [AD-274 530]

2. Ailes, H.B., Glass-Metals Res. Lab., Owens-Corning Fiberglas

Corp. Rept., 34pp., 1957. [ AD- 153 297 ]

3. Whitehurst, H.B.; Michener, J.W., and Lockwood, P.A.. Proc.

6th Sagamore Army Mater. Res. Conf., 248-76. 1960. [AD-233 -
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1.9. BORON FILAMENT, ALUMINUM-2024 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

I.-

Gerdeman et al. [I] reported data for a composite

containing 40 volume percent boron filaments in an Al-2024 -

matrix. The specimens in addition to being hot prassed at high

pressure, solution treated and water quenched were aged 50 hours

at 340*F. Measurements on the several specimens yielded fairly

consistent results.

REFERENCE

1. Gerdeman, D.A., Wurst, J.C., Cherry. J.A., and Berner, W.E.,

U.S. Air Force Rept. AFML-TR-6853, 94 pp., 1968. EAD-835
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1.10. BORSIC FIBER, ALUMINUM-2024 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Kreider and Patarini [1] reported thermal expansion data for

hot pressed and diffusion bonded composites containing 56 volume

percent Borsic fibers. These data included results of

*. measurements for seven composites which were cut from 0 deg. to

90 deg. relative to the fiber axis. Percent thermal expansion

near 670 K increased from 0.116 for a 0 deg. cut to 0.573 for a

90 deg. cut in a fairly regular manner.

REFERENCE

1. Kreider, K.G. and Patarini, V.M., Trans.-Met. Soc. AIME,

1(12), 3431-5, 1970.
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1.11. AM 355 STAINLESS STEEL WIRE*

ALUMINUM-2024-T81 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Gerdeman et al. [1] reported the thermal expansion for a

composite containing 25 volume percent steel wires. The

measurements were on a specimen which had undergone various heat

treatments such as hot pressing, cold working, and ageing.

During the first heating, the specimen began to contract above

5000 F and about 0.32 permanent and irreversible contraction was

observed. Subsequent tests yielded fairly reproducible results.

REFERENCE

1. Gerdeman, D.A., Wurst, d.C., Cherry, J.A., and Berner, W.E.,

U.S. Air Force Rept. AFML-TR-6853, 94 pp., 1968. [AD-835

768]
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1.12. BORON FIBER, ALUMINUM-8081 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Christian and Campbell [1], Hertz et al. [2), Hofer et al.

[3], Schramm and Kasen [4], Wolff and Eselun [5), and Cairo and

Torczyner [6] reported thermal expansion data for various types

of composites containing unidirectional laid-up 47 to 56 volume

percent boron fibers in an aluminum-6061 alloy matrix. The

measurements in axial and transverse directions yielded fairly

consistent results for the most part.

THERMAL CONDUCTIVITY

There are three references [3,7,8] in which the thermal

conductivity of boron fiber Al-8061 matrix composite is reported:

ref. [3] for the temperature range -70 - 670 K, ref. [7] 7

276 K. and ref. 8] 812 - 408 K. The first two references

contain data for specimens having fiber contents of -50X, and for

heat flow in the parallel and the perpendicular (to the fiber>

directions. Ref. [8] reported data on boron fiber AI-6061-0

matrix composite. The data included one set for an 8-ply panel,

with 2 parallel outer plys and four perpendicular center-cross

plys. This data set was for heat flow parallel to the outer

plys. Two other data sets, one for heat flow parallel to and one

f'or heat flow perpendicular to the plys, were for 7-ply panels.

These panels were made by diffusion press bonding, with* silicon/

aluminum sheet placed between the plys and at the outer surfaces.

I•.22

1°'

= . . . .. *
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SPECIFIC HEAT

Christian and Campbell [11 and Hertz et al. [2]. reported

specific heat data for unidirectionally laid up 44.1 volume

percent 0.14 mm diameter boron fibers in an aluminum alloy 6061

matrix. Their value of 985 J kg- 1 K-1 at 297 K was compatible

with the value of 970 J kg-1 K-1 at 300 K reported by Collings

and Smith (9]

r
REFERENCES

1 1. Christian, J.L. and Campbell, M.D., Proc. Cryogen. Eng.
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Force Rept. AFML-TR-71, Vol. 2, 394 pp., 1972. [AD-893

7151

3. Hofer, K.E., Rao, N., and Larsen, D., U.S. Air Force Rept.

AFML-TR-72-205-Pt-2, 470 pp., 1974. [AD01S 9071

4. Schramm, R.E. and Kasen, M.B., Materials Sci. Eng.. 30(3),

197-204, 1977. [PB 278 418]

5. Wolff, E.G. and Eselun, S.A., J. Compos. Rater., 11(l), 130-

2 , 197e.

6. Cairo, R.P. and Torczyner, R.D., U.S. Air Force Rept. AFML-

TR-72-232. 115 pp., 1972. [AD-908 249L]

7. Hust, J.G., Natl. Bur. Stand. Rept. NBSRI-76-848, 305-19,

1976. [PB 261 9961

8. O'Kelly, K.P., NASA Rept. NASA-CR-115221, 79 pp., 1971.

[N72-11432]

9. Collings. E.W. and Smith, R.D.. Adv. Cryog. Eng.. 24, 290-6.

1978.



90

(d 0)
SA4U-

a to

0

.. 0 (d 00.

a o 00 0000
C;

0 43)1 0 i 0f

4 c b 040 N 4) 1:CC e( 0 0 :3 : 0

be -Az 0 3 I d 0 3 8-

(K F40 t.( 04. 40S r.0S.( 0 4)ttdo

:3 11. :3 Vo 0 0 .0 14if3 L
54..' z ifa.-V0 0 TY Ge. ij-,v b~

0.- r. t a >.. if rh. 0 000C 0 iX 0> r..40 0 3"

4.~~~~r X, -H sk "40~i5.0 <~w~a~
(D 06. Ci Nj5 C A C 0 "~4 9 V .)~46

:D 9. 0 W 0 Id -0 9 r. CL
f4Z 1 4 z E 3*4 OS >4 016.4. 9 4) -4)OaI 0 a . 0 0 0a

111 54j X*j . )0i .- 9 0 0 r
.01 4c: ) 4> d

4 ff * -0 001 -, $4v *A9: - W1 90 V )
X- a0 0. 0. :NC1I~ 0 OOOON s0 C 30b$>.:3f

Q -h m. V) 0000S 0 v00000:-4. 4C s v obor

v4 0 .).4

F4u 00 tot'.0

4 0 OD N 0 OD 'TlJ1~

0u . . . . ..
'-"- 0000000

IdI

04 0 v v f. .2- 0 v ~
9~~~~ E- I- Mt ' t



91

0 -4) (d

4) t.6

4)4

43 0
lft 0

01 W 4 :h-r 0 0
[144 E4S X- 00 )

CV 0)~ . r-4000)qr

P- 0 4) '

+4 C~ (d000 - d : r 0A004
OW r.) 0 0 -)Q 44

>4 v 4) 43 >o wo)4(
= x r. 0 0*~)0 d0 0 -( 0 r4 L

(d -,4.O 0 r. -e4o1 )~f (d I-.
0 C04)0.0-90)

04 0 0 -0 4. X 4) 0.0004)
IK 4- (d C -H 43 00 *aJ Al.44>)()

alw)d0 0l 4g.) )o.K-Q4) 0 % 0.i.)S...o
0 2.$ L.N 0 0)..-04 to0 :1 .

< '04 00 - ' W:000 4i6e-0S 0 r44)~0.

S 4. 0 c x o .4 4)..40r.
10. 0i ifo 0 4.)a -A V

d0.4.q 0))~ 0 : )0)
0 ; 0 0 :1.1 r.4 4) 4I3 644J .0 $

0vo 04 0 v 94) 4)bO
C20 o)0.r v.-4 00.A >

9c Q). --. 0~ 4oo) S.e0os.C
0 1-410 0 .a V Q (d. J.)tJ A %

0. r.40 r54 004)0'-A .-' f .b
02 0 C-.5 0 T ." 0 4).s V~* 4

M0. [k -0> 43 ~0 0. * *d 11:SV -s4

m E-. o"V W WtN0MOOMV000 0 -0 0 M 0 000
-C 0. 'T V~ 0 0C Q) *r4t-OD M 4 N V0 04 mo ww w

0 l 0 . .r
00000000 006666c; *r44)OjJ.46 C C C

0W4

~0 * 04c~0- C0OC),C'NQO



92

54

0 0

0

.1.) 4 V
0 :4 0 145. to

F-4

0 4) 43 U .
04 4) 0 0 .ii 0

01:1 4; 0 a 0 (d C0 54 boU (dr
Ix -4 0) (a> 0 4) id :1 ~r.
114 -4 0 2,0 X0-.J 0 39X :r.

0/ 0OC 0 4) -H 4) r *.41 (d 00 0
.10 0 '.04)4) ( ..- 4 -g fdV u0 34 *j.a 50 b

00 U4 *rVI 0 41 1 *:a0 I54 >a,0.
Ito 21 *- :1 ~0.,V4 0.0 -4.00.ar

'-0 a 01 S0 -0 4. 0 0 b r 0-- 24)
L) -& 9-4).a(02 0 (degUA.o0,0 L. (dbe t

>4 4 a S. 9 0 4-40-~.0.0 0 ..- vV # 00
x210 Z 20 0 W 0 I 00. 0 a q0 -A 0 C

0 ix 1 U 0*.-'44)2I 0 td 1 CA Ct.041 :1
2E P r-)~~ x .- $.4) >ýf .

0 0 0 3t* v0 o~504 As G.)
(6 4-- 43 4oJ..'I t .- o >oo

A lp C4) > V44)4

a:-0 4 4) - r U9004 0 >0.)bp) W0
-i -l 1 - .010 0 .0 14.r. 00 o43 Q 0 * .. aid '

x 0 Q .0 0 C )t - M i 0 -A.40 0 0 to
Z:3 ~43. "1 to > VSo4J) 4)$4 4 0 0

02 '4 4d r. a~~ 0 0 -0 3 MW : v>
1-4 4- t4 5- 0 - r4- -434.)0 4)4)&)4)4 a04

0A0d-iV00r ... ogr eo, w a a..,Ioa. ( 0- 1.,
0)A- 0 C (6 1-.C to4)0 - (d . S 64x .-. a
00 1. O554.4 -1rX .Er-4 0 v0 0 14e

to E- 11.0Q( ;C01 0.o4 * a~ .0-A a0. 0 r4 A .54C .

130 4)41-r *". 54 9- 1w0 a -H 9 2 - a 20.0
-:0 S:.' tr 2 s).c4 0 r"45 0 30-4 0 4 00asr ~'0

m $ 00000 *; *; *; 0* 0* * *P0

40 * a ) VD0-00 -4O'-0wt'-mmvD
vvmmwN 0 0 0

0~ N ID~cc NO'1)D1c

43



93 :

000 , -) 0)

0

0 a.a

r.4 0. 0
11. 0O(d 4

C0 0 •. 4) H

2 Z -, 0 be 4'-- -"--b

E-,0 0 ".v

to, L,1 S• H D .).1:t
x xz'- 1% z >.

t/• ~0 00 00 *00 ":'
0 (K 0 0 a, 01 1 . ) 0 1€ 4:":"

r. :-' , t'. * 0 ' -

HO 4c ( 0 0.• •.> 0 • 9•.- 0- >

xz 4) bo 0- C
40 I• I.

"["• " •4.. 0 •r. 0 r. loo".'• 0 ,0 90 0 0 00

4)) 4 0 r. 0 A 0 ,
S.-, 0.. ' 00 ., 0 I4 4IV

no 0E 43 r. Q A --

z :D ., 4.) X 0 . 0 L., 04)
0 z 43 0 -H t. 4-

- .,0 ci 0 43 0.

0[1l-, 432 0 .,4.) w 00(

H ,-.'.S-..'43

0 4) AM W 0Cii 04)

V4 ..

40 U 0 W VS C N W ).- V 1

E- ~ . .a.) 0 0 0000 4 44 0w4o.)w v
-~02 0 U,4 )444. .4

V V v. 0 t 0 04)0 OD 0- OD N I- .
a E- 0 'w.40w0U01.v

4,~~~ &-~ A( U 4)U

43)•4.o.- M %.00

- 00--.4"-" 4 -. ..

*** * * -,* *



94

54 W4

0.

0)

0

01 4 - 0C 94 r.0
Ix4 r. -0-4 -A 0 .0 b

0 0 V4 0 -r ý4 :- I-,

0.. .9r (d0
0 r..t-0 4) 0 .0 0

x xI 0 04U 04) v x4)0V

0 xJ 10 0- 0 00 r. 4O 14 r0

0 <04 $4 0 (d >r >f

m 4 Ix X) O4050 4)54
* ~~ '-4 .,4 0 o..- 000.55 .

CD2L 0 w- 05. 44 $4 to $
>il 00 .,4 00 ).500.
E- I (d 0- 041 0~4.J.0

0 z - 4) 01 0 40 to 4) a A
C x 0.0* r4C. 0*-b 000

I:3 -H [33 be. 0C . "0C0
0(.- .0.0D05 00

(0 -r4 Q0 S.00 g) .
< m CdO be., OX 0 id 0O

CD 0 r. 00 Cd bo 54 Ato
0 00 (.4 td0 "1 04 x54

c0 - >4 .C 0N [.4~ 1 C 0

0a rII0

'4 0Z mowvoto ot4054wooto &
F- 4 N4. w~o q- o*m 0 0 *

0 0 . . .. .) .Q . .4 . ;C;C ; ,,0* * ,0
* 00000000000 000. 0

* .9-4wt Ow 000400. mr4 X0w

40 * ODO 0) 1CD-0 01-)0 IT ')D'4o

0..oz0eeN t ~IC 00 N.-00



CD 0)

0)0

f V tU,
.4 V.400: d 0

W X W
to*I2..

>10

0-. C
14- C ~ 4 -,1

04 V 0 O
04.- 43 w- 1. .%

4J H 0 0. 0 d-0

0 (d 0 .0 - o.) be0

0 I 4.a)E 0 COL IT ( Id Iý4)V0

£4*4 0o N.~)- 00

>4 ~ ~ ~ ~ ~ - 0 -4- C )4

0Z r-. x .0 . (0) 4) )(U X U3Q,0 )OV040

C4< ( _ ."r - >t r

0 *WI 4 010 o(-JD ~ s. a) "0 50 A 1 0 f. -1 0 -ae

(0 3 4 CD C') 10to0CD(d
40 z 00~(d 04 4)( 0 ý ' .0 -H00rNCDd 0

0I .4 00 0 - -r4'r. S > (d >O0 r
0 0 N0O0004) t. 4 00

Q. 0C)C)CID. F'.C)C (') 0 > -) 0 -er
r4 1-4 00 1Il -C 4)C 1D~00 U)4 - r 4Z5) r 4 r

0 i'C)'C)' .~())'()'C)' 90 S (Ir.X0X -4J. A( .4 cr

0Q :4(l -0 1 0(

0 . . . . . 0 000

m 9. 0 0 0 0 . .

*:~~§:QK>.=00 00*- . -

0. Q)f~f~fi!Y (t) 0. -- COC Ow t D Q



96

0 0)
lu 4) :1 0 a

C4 0 ON o4 4)

Ix. I-41 x 0 10
IL Q0O) $.. 0

0 0 r '0C >4.)0 4
m ) Lo. (d0 4- 0d2r 4 d-

0L (d 0 'ZI 0(-r " -0 ., 'cQ4.)4)
010~ E . r- £40 :1 (dx A I ) 0 e1 polo

0 >x 04Z .0 -0 r- 10 0 cbe 0 i 1 0 c CIO B
0, 0 r- o2 .0 -oLU.£ 0 -10

0 1 a r I ( ( 14 o 01 >- * :1 r. 4.) 0) St 4) 0
2 - . x 0v' .0 a-L c 9-£> 4)r LUl.60) aXw -4 0£00 4 S. c -

0-4 01 0 0 JC £0. 0 V4 4) ~-4) d l .00- .0IDs- tU
2 - £ :1 :j X . 3b0 43 *.I0 J.3.).E L42. x 4) 0 t

E-U 0- 43 - 0 4 ) ( 0 0:tr >4 0.(U 0 4)
(D 0) 14 V0 .- I d4)0 a ) 0 x fd £:0 : O 0 U0-, )043- .£
0 z.- h(U£ >f z- r-0£:.4.- idh>a 1 04

:cc 0- r - 0 < 9 r- 10 ( "IV £4OO4 £:.a1. 4) c
10- 0: X 00 42 *0£ U' tL. 0a V- -'40 4 V V .04-04

0 U Wz * -.4-.4ft£ >0 4- 0 0. L IV 4) 0W "4 - 2
.,4 r h43 r.0r 0r 0 - of- 4) r. V ( - 0 .. ;

0 d( )- .£: .0. r. 3-94O V 0 o tU v.:a. 0L
(0 0. gz S- 0 ) 0 300 0-0 0 -A (d 43 43*0 -0.£

E- D. 4) 14 *'4 0. C- bOt 4. 0£ -, (d > 4 0. i 2.,. £:0d£ 0 . .

0 0- 9(dA09 ( -. 4 '-M 'O-£ a- 0.- 04 <2£ r.U V.a~ £0to.C
0-.S 4U 0.. V)~L 4.) M £ 0 0- 0: 04 0

< 0' 0.4 OD 0. £4W 4 0 -40 1 ,0 OD W 0,£.-,.
Ix I k "Q 0..00 (D0£.aU-4.0t

(f) 0. f- .0£4)-4)-IT. tW V £to

E< 0) C9 ITN 00 lfll4 IT-'IT ED. Q-.0C 40 0 0 0

4)C 4;O L .~.0 4 £10 . L

'-40
(D-T C



9;

f. i- I,- -, d
0) 0)

4.)I

0- :s C,

0 0 0) A

0 t. ) .

z L. 0 *

% o S.. . ...

U, o.,,4) .,., .ab >
,-0 X- 0 Id ,x Ix 4. -L) -P

L) L 0 •0 4 I ) 0 - .-

O IE-x w l. r0 . -

x •D >, -W -.- ! e - o o ) 0" -

"IxD < 4) -r4 9 V-- od 90 0 . 0 > •0_-•; .

4-0 4)0 b8 0 I

r. 4 C0 . , do S. - I . - .
""-::) I .1 , *, ) C. .4 , 40 .-.
D M0 4,- 4: -0 a - 0W.0 0 - 4 0-. .aL

x-0 0 3%. C fd 0 V o cid C 0.

Cot) ()i4 ) I-,I 0 QQ0 4) ,0

4 -, , -'- 0o LO ,.0 c c 0 .)
0 z 0 , 4) 1 10 0 w 0 v 0• 5),•

0 00 0 W 0 -w4 )o l 01 L 40
'-4 s)*,0 > V0 t4Lr.S0 4.0 >5

to 4) Id -,4--,4 0
, : "> -) £0 h 0-

id0 .)00 -- 35 tor-0 0 0..

.,- , - 41,_oa ., -) L_.4)
0 0 Loa 09 O 0 .0

0 0- 0 U 0v4 P-Os)4).000s) -
o 0 .0 O0. . s. .

m ~ ~ ~ ~ ~ *z 0)~ 0L)~ -04Q C *1 6o; 1 ;

IDC (-DCD( D( CD4 0 >4 t'--4CD 0 t4-2ED CD

0 t* 0'0 DWODV0C I - 0 0 t-~'4 OD LO (D

S t-

<0 PQ

4) ~D1(1 -C



- 98

0)0

'-4 '-4 4-4

0- t- l-

S4V xM0 - e

f- 0 c -r.

0 o 0 o

[.-,0 S. 'fs .:.

Oh0 0 I - 0 V 43 0 (d 0 0 0 ED
0 -4 0 OV .: 0 C.. .- - O

E.-4 -. -0 rUS~U )-. 0-0 0-49 "4
- 0--S. 0• O V -)- :1 IV

oj 0 0 i (D--0 - 9 '0 0 L0- 004) I-.
CD., ..• x4.) > * € .- , . .-. -. 0.--

-0 0 9-0v 3 02r.0 (.d a --
" Id - :; S- ." 0 W- 0 -- 1. 0 0 0.S ý V A.

sO 2 -'-, r..a0 090 .04) 0.•) 0. C I -0 00
IVO O. 3O0 -A V- - 0 EU.C ) C40

> E C'J C.- A.0 'E 0 0- Q > .41'
CI, v-4 0 -. 010 I-V.C .0.
o Qý 1-4 ~(.Q.4 >0 v f.. - I 0 1~.40

E- r- > d 0 0- - 0 0 3t-'a 0 " 0- 4 -41 0 .0 0

E4 s 4) 1. r-ito i 0o- 0, >.. 0 )
0 U 1.0 0*-3@.142 .-A r 0r r. to .0 - 0 .0

C 0 01- a 0
CD 0 Ci .0 E 02 0 9>,%0 r4ZO to

ELI 0 Z *.4 10A On 00'64)V-~.C O'U 0-OE 0 e
X 0 0 c o - 0 ) ) •-0.-&)S V . L. X

1-Io -a a - 0 -' *0 a d@EU .a 0 aSO
1 0"-0 0 . ,00- " ,S"... 0.01. :

z. -o4 0, 00 g o' 00 I0 r.- 4' 0 -1- :) 0) -

0( o 0434..-0- g 4a))j) x 0
x- 0r a- 0 4) 0 f..0-,4 0 0 0 r. 0

< m ((1 0r c1 .0 0..0.1 %. 0> V4 L tsl
14 C 00 4)0~ U %. U

.ý ,"04)1 0
Ell -" 0 0- IV0 "1o0 fA 6, a0 v 9 b4) j

,. LOf4) toG0 AEU.

E-4

rzi
0 I

<0 0 oo.oo ' ( 9 D T 0 . . .

t. OD~ CD 0) 0 (1) )

0~ ~~ ~~ 0 .cwN ci -ci0'

4)04)



r -.

99

I* *l--"

"t4 .- ..
0 4.) a0-' .4

r,4 .,-, i

.- 0 X .' 0 , 0 9s 0r. . • "0 :. ,

* V z

- 00

5. .5,' *ESi

, �4O0 •C 40.

4)) IVr 00

.0 w2 - b 0 0 - V 0-"

O I~~~iC I - 0L - f: ,: . . P@ .p • 0') •. ...

.j0 0,-V .-It- 0 C 0.x 0 f. , 0 v 0.,-2
C -0 0 S.. 9. v o C - 0- o

2 0c 001- -

0 0 -A > 43 -, o rq o.

>4 M )--0-. 0P 0 0 J 00 43>2) -4

i ':: x be - 0 ( 41.) 1, 1 a "0 0 -0 -.I(d 4
Lo- 0. " ) iz I E 4) 0 -A .0 0 0 r.,-

0 X-x 41C235 0) to 9[c a

d 1. 0 ) :3.O 0 004) )r •. - C -0 - • C- -

,-, -r- 4. j;O) -r4 E O4( - j( ) 0 0 -. '

< o 0 '*tC 1"0 v 0d 4) 0.t

ra >D c -) 41 oo Vo) V(

<0 C -0 5. 5. 0C 0 OX

W 0 M. 0) 4 -A 43 , .'0 r0 5 O .'-4) tO L 0O(d 0O , -A b . ' '0 V - 0 v0 : (d 0' D . 0 4 r .4rS0 L- : 0 0 i0 E. be

I ~ ~~~ CVO 90 x0' d .c ) f

X ,"; 'T' 00 o) f: (" 0 f .-- S:") (14

0z (0*O*.-ao :3 0p 1 1)0 o

0 .,1 -" CA 0 0 OV
N C V X .0 *- be.

C fa1 L t. L 2 0

0x -A -Hý - 0 0 0 cD- vs r_- r.
ca 0 10 0 . 20~ a. s . L' s0 COc 40 5.

:1-4r C '0 E 0 I- E> C 43 0 2 *-r4( £ 0 "4 .,q'a
(0C 0 4 a 0 1. 400 - 41- 014 6X .4$AC V .

041;. M4 w4) 0.- X4b~ . 0 9"4 0

m z ED,0 Q)) 0)*.C ED0 ED 0)*4 0- 0 94(0 O -4 rO: 0 LOx
0 0 IL) V o (0~ OD5. (.*.) t- , vo mm

0~~~: .. Zr. .-I~. N. 3- O. 0
ODC. t* <0~ 0V V 2 0O~. to0 0*)V.vv4D

- OD.- 0. U.1 VO W4.D00 OD--IT ED- ( C I, O 4

(M ~0) (1)OO)

I-.0 4300 0* O 0 R t



100

ex

+ § +

++

k

Lii

0 ~~~ K 2C2C

% MAG mil 3



L. 101

I ICc

* S S 0

~ N AAJJ3OIU~M10L

LS

- ~ - *-LA.



102

CD

07MMAM



103

1.13. BORON FIBER/AM 350 STAINLESS STEEL WIRE,

ALUMINUM-6061 MATRIX COMPOSITE

% THERMAL CONDUCTIVITY

There is one reference [1] in which the thermal conductivity

of boron fiber / stainless steel wire aluminum-6081-0 matrix

composite is reported. The single specimen consisted of 3-3-3

ply panels, with the outer three plys made from boron filaments.

The three plys at the center were made from AM 350 stainless

steel wires. The alignment of the panels was such that the outer

plys were parallel to each other, and the center three plys were

at right angles to the outer ones. The panels and the final

composite were made by diffusion press bonding. The thermal

conductivity data reported were for heat flow in the plane of the

panels and parallel to the direction of the outer plys.

REFERENCE

i. O'Kelly, K.P., NASA Rept. NASA-CR-115221, 79 pp., 1971.

[N72-11432.
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1.14. BORSIC FIBER, ALUMINUM-8081 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Christian and-Campbell [11 and Hertz et al. [21 reported

data for a composite containing 53 volume percent unidirectional

Borsic fibers in an aluminum-BOBl matrix. Thermal expansion

along the fiber axis was fairly low (about 0.204X at 844 K); and

perpendicular to fiber axis it was about 0.694X at 644 K. No

attempt was made to resolve the discrepancy in the thermal

expansion values below 293 K reported in these two references.

"SPECIFIC HEAT

Hertz et al. [1] reported specific heat values of 408 to

1480 J kg K-lat temperatures from 88 K to 842 K for a plasma-

sprayed composite containing 47.2 volume percent Borsic

filaments.

REFERENCES ''

1. Christian, J.L. and Campbell, M.D., Proc. Cryogen. Eng.

Conf., 175-83, 1973.

2. Hertz, J., Christian, M.D.,. Varlas, M., et al., U.S. Air

Force Rept. AFML-TR-71, Vol.2,, 394 pp., 1972. [AD-893 715]
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1.15. BORSIC FIBER, TITANIUM/ALUMINUM-8081 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Christian and Campbell [I] and Hertz et al. [21 reported

thermal expansion data for plasma-sprayed Borsic/Titanium/

Aluminum tapes manufactured by Uinited Aircraft Research

Laboratory containing 49.1 volume percent Borsic filaments, 23.6

volume percent titanium, and 27.3 volume percent aluminum-O061 8:

alloy. Wo attempt is made to reconcile the differences in

thermal expansion below 293 K reported by these two

investigators.

SPECIFIC HEAT

Christian and Campbell (1) and Hertz et al. [21 reported

specific heat data for a 49.1 volume percent Borsic filament,

23.6 volume percent B-3 titanium foil, and 27.3 volume percent

aluminum-6061 sheet composite made by diffusion bonding of

plasma-sprayei tapes. Specific heat values range from 280 J kg-'

K-1 at 96 K to 1355 J kg- 1 K-1 at 637 K [2].

REFERENCES

1 Christian, J.L. and Campbell, M.D., Proc. C.-yogen. Eng.

Conf*., 175-83, 1973.

2. Hertz, J., Christian, M.D., Varlas, M'., et al., U.S. Air

Force Rept. AFML-TR-71, Vol. 2, 394 pp., 1972. [AD-893 7151
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"1.18. BORSIC FIBER, AM 355 STAINLESS STEEL/ALUMINUM-6061

MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Hertz et al.. [1] and Christian and Campbell [2) reported

thermal expansion of a composite made from Borsic/aluminum-6061

plasma-sprayed and Borsic/aluminum-6061 diffusion-bonded material

"and stainless steel/aluminum-801 diffusion-bonded monolayer

sheet material. Thermal expansion of a well-processed composite

"containing 42.1 volume percent Borsic fibers and 5.6 volume

percent stainless steel wires is about 0.192% and 0.675% near 846

K, respectively, along axial and transverse directions. No

"attempt is made to reconcile different values of thermal

expansion below 293 K reported in these two references.

SPECIFIC HEAT

Christian and Campbell [1] and Hertz et al. [2] reported

specific heat data for a 52.3 volume percent aluminum-6081, 42.1

volume percent 0.1 mm Borsic fibers, and 6.6 volume percent 0.05

mm AM 355 stainless steel wire composite made by plasma spraying

Borsic/Al-601 and diffusion bonding AM 355 stainless steel/Al-

6061 tapes. Specific heat values range from 339 J kg-1 K-1 at 89

K to 1314 J kg-1 K-1 at 642 K [2].

REFERENCES

1. Christian, J.L. and Campbell, M.D., Proc. Cryogen. Eng.

Conf., 175-83, 1973.
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1.17. GRAPHITE FIBER, ALUMINUM-8061 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Gigerenzer and Strempek [1] reported data for a composite

containing 40 volume percent TSO graphite fibers in an aluminum-

6061 matrix. This composite contracts 0.027Z4 at 873 K.

THERMAL CONDUCTIVITY

There is one ref'erence [2] in which the thermal conductivity

of graphite fiber aluminum-6061-O matrix composite is reported.

The data are for a 3-ply panel with graphite fiber- coated with -

nickel before being consolidated into the composite, and for heat:

flow in a direction perpendicular to the fibers only.

REFERENCES

1. Gigerenzer, H. and Strempek, G.C., Army Materials Mechanics

Research Center Rept. AMMC-CTR.-76-19, 29 pp., 1976. [AD'-A031

4371

2. O'Kelly, K.P., NASA Rept. NASA-CR-115221, 79 pp., 1971.

EN72-1 1432]
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1.18. BERYLLIUM WIRE, ALUMINUM-7002 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Gerdeman ot al. [1] reported thermal expansion data for 26

volume percent beryllium wires in an aluminum-7002 matrix. The

data are on several diffusion-bonded specimens during heating and

cooling. No apparent anomalies were observed and the measurement

direction is not reported.

REFERENCE

1. Gerdeman, D.A., Wurst, J.C., Cherry, d.A., and Berner, W.E.,_

U.S. Air Force Rept. APML-TR-6853, 94 pp., 1968. [AD-835

768].
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1.19. sic WHISKER, A!-5.SCu MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Barr [1] reported thermal expansion data for a hot pressed

7 composite containing 20 volume percent SiC whiskers. Fairly

consistent results were obtained for their cooling and heating

measurements. The measurement direction is not reported.

REFERENCE

1. Barr, H.N., U.S. Air Force Rept. AFML-TR-67-296, 67 pp.,<"

1967. EAD-827 631J
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CHAPTER 2

COPPER AND COPPER ALLOY MATRIX COMPOSITES

2.1. BORON FIBER. COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Wolff and Hill [1] reported thermal expansion data for three

composites of densities from 452- 491 lb ft-' and containing 10

volume percent continuous aligned fibers. Percent thermal ." -

expansion value at about 589°F drops from 0.468 for a composite

with density 452 lb ft-3 to 0.310 for a composite with density

491 lb ft-3 . They also reported thermal expansion data for 10-30

volume percent discontinuous aligned boron fibers composites of

densities 448-488 lb ft-3. In general, composites with

continuous aligned fibers exhibit lower expansion than those with

discontinuous aligned fibers.

ELECTRICAL RESISTIVITY

Only two data sets on the electrical resistivity of copper-

boron composites are available as a function of temperature from.

294 to 1100 K for 5.9Z and 8.4X boron fiber volume [2]. The

electrical resistivity increases with an increase in temperature.

REFERENCES

1. Wolff, E.G. and Hill, R.J., U.S. Air Force Rept. AFML-TR-67-

140, 163 pp., 1967. (A-816 439]

2. Tye, R.P., Hayden, R.W.. and Spinney, S.C., High Temp.-High

Pressures, 4, 503-11, 1972.
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2.2. CARBON FIBER, COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Busalov et al. [1] reported thermal expansion data for 30

volume percent carbon fibers in a copper matrix.. Some of their

observations are as follows. Thermal expansion of this composite

* is fairly linear up to 150-200°C, and above 600°C it starts to

. -contract which is explained as due to the negative thermal

expansion coefficient of carbon fibers and al-so due to the

increased yield stress of the matrix. The data show that the

thermal expansion of the specimen in the transverse direction is

much higher and is fairly proportional to the temperature up to

700*C. Even after more heating cycles the specimen did not show

any permanent shrinkag: in the transverse direction, and the

expansion was independent of the fiber content.

REFERENCE

1. Busalov, Yu.E., Kop'ev, I.M., Pompe, W., Voel'mar, S., and

Winkler, I., Fiz. Khim. Obrab. Mator., (4), 107-11, 1978.
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2.3. TUNGSTEN FIBER, COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Salibekov et al. [1] reported thermal expansion data for

composite containing 18 volume percent plated tungsten fibers

impregnated with molten copper. They [1] also reported the data

for a composite containing 12 volume percent tungsten net.

introduction of 18 volume percent tungsten fibers into the copper

matrix sharply reduces its thermal expansion. Intensive

relaxation of stresses in the matrix begins around 500 K. At --

about 1073 K, the overall thermal expansion of the composite

approaches that of tungsten. Thermal expansion of a composite

with 12 volume percent tungsten net differs little from a

composite with uniaxial aligned fibers. Thermal expansion of 56

volume percent tungsten fiber composite is almost the same as

that of tungsten.

ELECTRICAL RESISTIVITY

There are four data sets on the electrical resistivity of

ctopper matrix with tungsten wires available as a function of

volume percent of tungsten wires at 293 K [2]. One data set is

for a composite with continuous structure and three are for

composites having discrete structure.

6!
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2.4. TUNGSTEN MESH, COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Salibekov et al. [1] reported thermal expansion data for a

composite containing 12 volume percent tungsten net in a copper

matrix. This composite expands about 0.52 percent near 1073 K

(measurement direction. is not reported).

THERMAL CONDUCTIVITY

There are two references [2,3] in which the thermal

conductivity of tungsten mesh copper matrix composite is

reported. The tungsten mesh content of these specimens varies

*from 3.7 to 13.4 volume percent [2), and from 3.7 to 12 volume

percent [3]. Ref. [3] also reported conditions (pressure,

temperature, and time) under which the specimens were prepared.

However, some of the data appear to be duplicates (c.f. data

sefhs I and 6. 2 and 6, and 3 and 7) as one of the authors is

common to both of these references. -

ELECTRICAL RESISTIVITY

There are four data sets on the electrical resistivity of

copper matrix with tungsten network available from reference (2]

as a function of temnerature from 100 to 500 K at tunesten volume

of 3.7, 7.2, 12 and ?-.4%. The measurements were made in the

direction parallel to the reinforced networks.

C-
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2.5. POLYVINYL CHLORIDE FIBER. COPPER MATRIY COMPOSITE

ELECTRICAL RESISTIVITY

Seven data sets on the electrical resistivity of composites

containing polyvinyl chloride fibers in a copper matrix have been

reported [1]. The data show that at low copper volume loading,

the composite resistivity is essentially that of the insulating

polymer(QlO1 2  M m). A dramatic fall of resistivity in the

neighborhood of 5 volume percent copper loading occurs due to the

formation of a segregated network. The resistivity of the

annealed samples with increased metal loadings always shows

higher values than that of the samples before annealing, probably

due to the elimination of all free ions during prolonged

annealing or due to the metal particles in the bulk of the

material leading to a more stable configuration. The increase of

resistivity with the increase of temperature is almost

logarithmic which may be due to the different coefficients of

thermal expansion of the polymer and the metal. The internal

stresses localized around the metal particles decrease with

increasing temperature as the thermal expansion coefficient of

the metal is lower in comparison with that of the polymer. This

leads to a fall in contact pressure between the metal particles.

* which results in an increase of resistivity with increasing

temperature.
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CHAPTER 3

LEAD AND LEAD ALLOY MATRIX COMPOSITES

3.1. 'E' GLASS FIBER, LEAD MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Whitehurst et al.[iJ and Lockwo~od [21 reported a value of

about 0.138 for the percent thermal expansion at 564 K for a V

composite containing 20 volume percent parallel oriented 'E'

g lass fibers in a leai matrix.

REFERENCES

1. Whitehurst, H.B., Michener, J.M., and Lockwood, P.A., Proc.

8th Sagamore Army Mater. Res. Conf., 248-76, 1980. [AD-233

1581 7:i

2. Lockwood. P.A., Owens-Corning Fiberglas Corp. Rept.. 164

*pp., 1960. [AD-274 5301
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CHAPTER 4

MAGNESIUM AND MAGNESIUM ALLOY MATRIX COMPOSITES

4.1. GRAPHITE FIBER, MAGNESIUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Pincheiro et al. [I] reported thermal expansion data for a

composite containing 35 volume percent "Thornel SO" graphite

fibers in a magnesium matrix. This composite expands about 0.041

percent at 470 K. Armstrong and Ellison [2] reported a value of

0.9 x 10-6*F"' between 00 and -250*F for the mean coefficient of

thermal expansion of a composite containing 38.5 volume pe.-,ýent

GY 70 graphite fibers.

THERMAL CONDUCTIVITY

There is one reference [11 in which the thermal conductivity

of graphite fiber (Thornel 50) magnesium matrix composite is

reported. The data cover room temperature and below (tc -3 K).

REFERENCES

1. Pincheiro, M. de F.F., Radcliffe, D.J., and Rosenberg, H.M.,

Oxford Univ., Clarendon Lab. Rept., 1, 3-13, 1978. (AD-

A061 105]

2. Armstrong, H.H. and EllisonA.M.. U.S. Air Force Rept.

AFML-TR-79-4007, 213 pp., 1979.
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CHAPTER 5

NICKEL AND NICKEL ALLOY MATRIX COMPOSITES

5.1. CARBON FIBER, NICKEL MATRIX COMPOSITE

THERMAL CONDUCTIVITY

There ia one reference [1] in which the thermal conductivity

of carbon fiber nickel matrix composite is reported. The data r

are for specimens having 35 to 55 volume percent fiber content,

and for heat flow both in the parallel and the perpendicular (to

the fiber) directions. However, the temperature at which these r

data were obtained was not given, and it was assumed to be 293 K.

No other information on the composites was reported.

REFERENCE

1. Fitzer, E., Fritz, W., Geigl, K.H., and Vohmann, W., 5th

European Conf. on Thermophys. Prop. of Solids at High Temp.,

19 pp., 1976.
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5.2. GRAPHITE FIBER, NICKEL MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

There are 28 data sets available for the thermal expansion

of this composite as a result of the studies of Volk et al.

[1,2), Niesz [3], and Salibekov [4]. The content of graphite

fibers ranged from 25 to 50 volume percent. An extensive study

of' Volk et al. [1,2] yielded the data obtained during numerous

thermal cycles (including 100. 500, and 1000 cycles). However.

their latter measurements [2] which were repeated principally for

increased accuracy and to clarify the cyclic behavior which they

obtained earlier [1] could not adequately explain the different

longitudinal expansion behavior they obtained in their two

Sstudies. All of these investigators [1-4) observed a hysteresis

effect in the thermal expansion during various thermal cycles.

This was explained as due to the stresses generated in the

composite.

REFERENCES

1. Volk, H.F., Nara, H.R., and Hanley, D.P., U.S. Air Force .

Rept., AFML-TR-66-310-Pt. 4-Vol. I. 99 pp., 1969.

2. Volk, H.F., Nara, H.R., 4nd Hanley, D.P.. U.S, Air Force

Rept.. AFML-TR-66-310-Pt. 5-Vol. 1, 144 pp., 1971. [AD-881

4881 .

3. Niesz, D.E., Battelle Memorial Inst. Rep., 94 pp., 1988.

[AD-836 764]

4. Salibekov. S.E., Portnoi, K.I., and Chubarov. V.M., High

Temp., 10(4). 702-6. 1972.
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5.3. SiC FILAMENT, NICKEL MATRIX COMPOSITE

THERMAL LINEAR EXPANSION F

Chuang [I] reported a value of 8.4 x 10-6 K-1 for the mean ...

coefficient of thermal expansion between room temperature and 873

K for 30 volume percent SiC filaments in a nickel matrix.

REFERENCE

1. Chuang, K.C., U.S. Air Force Rept. AFML-TR-66-330, 59 pp.,

1968. [AD-802 423]
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5.4. TUNGSTEN WIRE, KhN6OV MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for

composites containing alternate sheets of KhN6OV (25%Cr, 15XW and

4%Fe, nickel base) alloy matrix and unidirectionally oriented VA

tungsten (nominally 100X pure) wires of 0.18 mm diameter prepared

by dynamic densification under a friction hammer. The Composites

contained 8.6, 18, 22, and 25 volume percent of reinforcement.

Since The thermal expansion of the matrix material is much higher

than that of the fiber material at low temperatures where the

matrix makes the main contribution to the expansion of the

composite, the expansion increases in accordance with the

expansion of the pure matrix. As the temperature is increased,

the matrix becomes plastic and the thermal expansion begins to

rfall after passing through a maximum. The temperature

corresponding to this maximum decreases with increasing fiber

content. Karpinos et al. (1) also proposed a method for

calculating the coefficient of thermal expansion of composites

with unidirectionally oriented fibers in which the elastic-

plastic behavior of the components are taken into account.

REFERENCE

i. Karpinos, D.M., Tuchinskii, L.I., Miroshnikova, T.K., and

Vishnyakov, L.R., Soy. Powder Met. Metal Ceram., (1), 82-5,

1974.
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5.5. TUNGSTEN FIBER, ZhS8K NICKEL ALLOY MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Salibekov et al. [i] reported thermal expansion data for a

composite containing 40 volume percent tungsten fibers in ZhS6K

nic~kel alloy matrix. This composite expands to about 0.745

percent at 1127 K.

REFERENCE

1. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4). 702-8, 1972.
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5.8. THORIA DISPERSED, NICKEL-CHROMIUM ALLOY MATRIX COMPOSITE

THERMAL EMITTANCE

There is one reference [1] in which data for the emittance

of a thoria dispersed nickel-chromium alloy matrix composite are

reported,and over the temperature 1255 to 1478 K there is a slow

decrease in emittance as the temperature increases. For a thoria

dispersed nickel-chromium alloy with an addition of aluminum and

yttrium, the emittance at 1478 K shows no difference compared

with that of the alloy without that addition.

ELECTRICAL RESISTIVITY

Only one data point on the electrical resistivity at room

temperature is available for a composite with nickel-chromium

alloy (20 volume X Cr) matrix [1].

REFERENCES

1. Centolanzi, F.J., NASA Rept. NASA-TM-X-62015, 52 pp., 1971.

2. Wolf, S.M., J. Metals, 19(6). 22-8, 1967.
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CHAPTER 6

TITANIUM AND TITANIUM ALLOY MATRIX COMPOSITES

6.1. MOLYBDENUM FIBER, TITANIUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for

composites containg 10-30 volume percent MCH molybdenum (99.9%

technically pure) fibers in a VT1-0 titanium (99.9X commercially

pure) matrix. Thermal expansion along the fiber orientation

decreases with increasing molybdenum fiber content. Karpinos et

al. [1] also reported the data for composite specimens with

angle between fiber direction and the longitudinal axis of the

specimen ranging from 25 to 90 degrees. Salibekov et al. [2]

reported that a composite made by sintering and subsequent

extrusion of a mixture of titanium powder and discrete 20 volume ..-.

percent molybdenum fibers expands to about 0.438 percent at 842

K.
•"--" "i..

REFERENCES

1. Karpinos, D.M., Kadyrov, V.Kh., Klimenko, V.S., Fefer,

V.Ya., and Miroshnikova. T.K., Soy. Powder Met. Metal.

Ceram., (4), 301-3, 1974.

2. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4), 702-6, 1972.

pi

p



22

24 r

>~ a a
0iq

00

0 0>X r. 40

0 9:O 9 .C
96 A3 0 0 0tIV .14 td

10 0. i(,.S.0 - 9

0 0

z V2
4~ ~0 r0 00-r 4V S

xI- x)~- 9 A*C ~ F
140 0 - 4) .43 (4 -4

0 (d > 9 d ( ( 0 0C £4 0 - -A
X d0 S(d1 Q4 .~4) 94

D.xL 00oo £ 0O010 4 :' A 0 0

WO01. 0 0a.)2~ ~ £ U r. 10
C.) C4 z >9t 943 ) Q-r4 0 "44) >3," (A )

0 0 >0b V4) V0 13 3 .$-.a 0 ol go4.) £4'.
'.X 41 r-! 43 o 44) S0 0 4)P- d( 0'.

:D- x Q4 bo "4C-1 Ar 0 -A.0~ A X-A0 -(4.0 .a.

W1 z 0 000r4.) : -H 0 0£ r. 4 0O .0 0.1

0-h m4 (d :9 ".~~C - 0o 4S 0C 040 a4 M 4 C
E-I d r (.0 tv e0 .a. 0a Q0..v40 -I 9g-

0 14 C X 4 0-b0 0 a~...44(0 0

X 4) *-h :3 -A 116 0 la (d r..4 00'Q A C >0 =o0

I - 0Q0 D0 IS£.).0> 0 : A 0 -A0(d 4) $40.a..a.-4J V0

z r f 1 4) 0 002lw 4 e. 0C 1.. fo 0 0 c
0 m 43 00 8 .. 0 0 ' 0 S. b -- -£44J 0'.

4)) 0 N. 04 0.£00 £ 0 C4r40 0 O V QA)>430 1
C4 43$ - 4 A. r .- 4 Ih 4 '.. 1.9 1.)0 A0 C: > (d

m E- 3:1 00.C 0 000 0 e . 9 gJ-A£4 C bl

z q i 9Q0 0 -a-.r r.0 ( .IJ0 6: C 0 £4 a S r43 .

r* 0E 0 0- 0d 0 0 x4~ 0 *r.S.I4£ 04 > C 0£4.r04 qS:t
> 0 ni 00. 44>0 0S WO..43>0 00 0 a"40 > Ob

>. 430>~~~0,.1o'* .~
0 a -(df)aI4. vC. ~ i~ 5

wi 00.E0~0C4A00SaI( r

W0 £4 N **VqW q0V 1 O1

1- 0 0..- oooo0o-,~-Nwvoq'coID( NCD NI ED 0
1. 0 N4ý. ............................................... 0 0' 4,-#ci

13 4 ~ 0000000000000000 000000 .

St )1 QN( LO. '() Q0Q) (D ýl'T ( N OD0UNOV
W0 1 C EDI0(00 CD N - (OD DCD C'0 IT o )

(d-

4U0 IX*



225

0 4 00

00

43 0.

-40 0

00 0

0 0 0 o

xi 04 0 4
0 i 41C) ~4

2 0 a 0 0.41 0

I-e < C- 4)0 3 1.4~4 4) 4)) 0 1 -

41k4 b44)
*x 1- rX 0) 4). 0

"4 x£ r.0

4c>400 to 0 )otooC)o0O
*0 r,4 0 sax-N o o o ,T~w o v t

wooovv .C .~4 . . .....1-. . . .. . a)) 00 -
000 00 1110 00r4

01-D t V.. co .'0) N.a.) 0rL )w )0o % 00*-

vmomw4 b004
f( -0 o -a

09 (b'-4 2 20
4)4 IX

2,
1z31zCY



226

C -a
4) a to 0. o9f 4 )A

3 it to- 1. :j3 r.

.0) 064 f ) I0) o A0

0 r.0 -
10- 0- 0- *0 >A

< r. r.a 04) 04) 0 0C~

0 v : vL (A0 14 £4 to0 0 -
x r- 00 43X -

(1)0 -. - 0 .a. 0S. 0 X 0 l04
z . L b be 0 4) 0.5 -- 4) -~ J 0

4)z -A) 0. .540 0.0 40 101 c4)A .
0 3 * 9f a0 -A S 43 .* .51643 .&j V 0 r. . 2l00

rIb40 4) 4))£4 ( 0 @ 0) (f E a M £4 0 9 E x
(1) IL 1.1C. c5 4) 0 4) 04X @ * r.a

X1~ U) ' 4 .4~4)5 0: C ) A 4) wa TjJ0 C xCO.. 40
2d > 06 4.) 0 > 4.) (hiS £40 9 *% 9 C 0to o

0£4 04C 21) VO 01 th r. .) -aJ 0143
x0 0 L .00Q 40 CIO *.-9v1C4L .0U)C0C0tUbe. L.

b-U -4c 0 0 0 0 v 90 9 0. @ C' 0 544 £4- >4 14 )
0) (1) ix 0 dx 0 oX-L 2f V54 1.i 2@ . 40 L

94 Z 4) 0 .- 5U tO X f -V5340 I 4) reo .0 *40 -V4V
x~- z 40- U) 0( C) 40)2 r.4~5-224 X.5r49:1 xc)0

E- < 143 4) 4) C- 0 04)4 0f 00 (- 9 43)PC'.7.
* E- X0 9*4 (d X 9 i 0 bt0U)4 C0 C S 0 4)> 0 0

Z 0 C(d a 0 . r 0 -1r 0 - r.4 V0 lh54 Q 14)r C f0
0) - .04)4) .0T U) fd .00 .J X 50

0 1, t %X :1 goo bl*5 ( 04)C54 0 . :1 *)-A4 4) 0'4 44) X
0 .001 isx 4) i0. C 0 r. 1 04 S. V

3t4 2 0 "q 4d 4e .4 d :1 a >~ Na 0*40 0 0 .04)0.50 -
943 .4 V-' 9c- 4 .4)C r. IS r -id4) 24 ) 0 C')4)064)

Ja c- -ii 0 .4V4)4C ra.'44- 0 foW@ LI 0.4) > . .9 )
0 4qo>N W02 43. ba10 V0 q041 X a

.64 .54 0 Q4t% 0 OD4 0 OD*' NN -c

0 0 00 C4U 040. 040.~0 ~a.44405W)

4) 0)05 24c) %T 2v - . J) 4 a

rz~rzz



227

S LL

ccA

LNJ 0) O

C2a

% amn wa-i



-:" 228

6.2. BORSIC FILAMENT, Ti-6AI-4V ALLOY MATRIX COMPOSITE

THERMAL LINEAR EXPANSION %

Hofer et al. (1] reported thermal expansion data for a

composite fabricated by TRW Inc. Thermal expansion along the

longitudinal axis is lower than that along the transverse axis.

THERMAL CONDUCTIVITY

There is one reference [I] in which the thermal conductivity

of a Borsic fiber Ti-6AI-4V alloy matrix composite having fiber

content of 5O0 volume percent is reported. The data are for heat

flow both in the parallel (to the fiber) and in the perpendicular

directions , and for the temperature range -80 - 800 K. The

authors also gave substantial details on the fabrication of the

composite.

REFERENCE

1. Hofer, K.E., Jr., Rao, N., and Larsen, D., U.S. Air Force

Rept. AFML-TR-72-205-Pt-2, 470 pp., 1974. [AD-A015 907]
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CHAPTER 7--. .

TUNGSTEN AND TUNGSTEN ALLOY MATRIX COMPOSITES ri

7.1. COPPER INFILTRATED, TUNGSTEN MATRIX COMPOSITE

THERMAL CONDUCTIVITY r-:_--'I

There is one reference [1] in which the thermal conductivity

of sintered tungsten infiltrated with copper is reported. The

tungsten is 80X dense. No other information is given on the

fabrication of the specimen or on its final porosity.

REFERENCE VL-

1. Kammer, E.W., Smith, H., and Olcott, E., Naval Research Lab.

Rept. NRL--6005, 81 pp., 1983. [AD-430 879]
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7.2. MOLYBDENUM FIBER, TUNGSTEN MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

•Owen [1 reported thermal expansion data for composites

* containing 70 volume percent commercially pure molybdenum wires

in a sintered tungsten matrix. This was one of the materials

developed by the Department of the Navy. A value of 0.492 was

reported for the percent thermal expansion of this material at

1253 K. Owen [2] also reported a value of 0.452 at 1273 K for

the percent thermal expansion of a similar composite for solid

propellent rocket motor nozzle application. -

THERMAL CONDUCTIVITY

There is one reference [2) in which the thermal conductivity

of sintered tungsten reinforced with molybdenum wire is reported.

No information is given on the composition, fabrication, and

other characterization of the specimen.

SPECIFIC HEAT

Owen [1) reported a value of 158 J kg-' K-1 at 293 K for a

composite containing 18 weight percent molybdenum fiber.

REFERENCES

1. Owen, L., Jr., Air Force Rocket Propulsion Lab. Rept., 30

pp., 1966. [AD-377 060]

2. Owen, L. Jr., U.S. Air Force Rept. on Proj., AF-3059, 40

pp., 1967. [AD-379 5081
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7.3. SILVER INFILTRATED, TUNGSTEN MATRIX COMPOSITE

THERMAL CONDUCTIVITY F-

* There is one reference [1) in which the thermal conductivity

*of sintered tungsten infiltrated with silver is reported. The

tungsten is 80% dense. No other information is given on the

fabrication of the specimen or on its final porosity.

REFERENCE r

1. Kammer, E.W., Smith, H., and Olcott. E., Naval Research Lab.

Rept. NRL-8005, 51 pp.. 1963. EAD-430 879)
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CHAPTER 8

ZINC AND ZINC ALLOY MATRIX COMPOSITES

8.1. 'E' GLASS FIBER, ZINC MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Whitehurst et al. [I] and Lockwood [2) reported thermal

"expansion data for a composite material containing 20 volume

percent 'E' glass fibers in zinc matrix.

REFERENCES

1. Whitehurst, H.B., Michener, J.W., and Lockwood, P.A., Proc.

8th Sagamore Army Mater. Res. Conf., 248-76, 1960. [AD-233

15 8) : .':

2. Lockwood, P.A., Owens-Corning Fiberglas Corp. Rept., 164

pp., 1960. [AD- 274 530)

"K" -- °
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INDEX TO MATERIALS AND PROPERTIES

[AL/Lo = Thermal Linear Expansion, X = Thermal Conductivity
cp= Specific Heat, e = Emittance, p = Electrical Resistivity]

PROPERTIES
MATERIALS

AL/Le X c p
ALUMINUM MATRIX,

BORON FIBER 4 4 5

ALUMINUM MATRIX,
GRAPHITE FIBER 17

ADI ALUMINUM MATRIX,
Kh18N1OT FIBER 22 22

ALUMINUM MATRIX,
QUARTZ FIBER 34

ADI ALUMINUM MATRIX,
USA STEEL FIBER 36

ALUMINUM-201 MATRIX,
GRAPHITE FIBER 40 40 41

ALUMINUM-1100 MATRIX,.
BORSIC FIBER 81

ALUMINUM-2014 MATRIX.
'E" GLASS FIBER 66

ALUMINUM-2024 MATRIX,
BORON FILAMENT 76

ALUMINUM-2024 MATRIX,
BORSIC FIBER 79

ALUMINUM -2024-T81 MATRIX,
AM 355 STAINLESS STEEL WIRE 84

,A.UMINUM-6061 MATRIX,
BORON FIBER 88 88 89

ALUMINbM-6061 MATRIX,
BORON FIBER/AM 350
STAINLES3 STEEL WIRE 103

ALUMINUM-6061 MATRIX.
BORSIC FIBER 106 106
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INDEX TO MATERIALS AND PROPERTIES (CONTINUED)

[AL/Lo = Thermal Linear Expansion, X = " ,rmal Conductivity
c = Specific Heat, e Emittance. p = Elzctrical Resistivity]

PROPERTIES
MATERIALS '___"

AL/Lo X C, p

TITANIUM/ALUMINUM-6061 MATRIX,
BORSIC FIBER 112 112

AM 355 STAINLESS I
STEEL/ALUMINUM-6061 MATRIX, I

BORSIC FIBER 119 I 119

*ALUMINUM-8061 MATRIX,
GRAPHITE FIBER 128 128

ALUMINUM-7002 MATRIX,
BERYLLIUM WIRE 133

Al-5.5Cu MATRIX,
SiC WHISKER 136

COPPER MATRIX, P
BORON FIBER 140 140

*COPPER MATRIX,
CARBON FIBER 145

COPPER MATRIX. 0
TUNGSTEN FIBER 156 156

COPPER MATRIX,
TUNGZTEN MESH 164 164 164

ICOPPER MATRIX,
POILYVINYL CHLORIDE FIBER 175

LEAD MATRIX,
'E' GLASS FIBER 183

MAGNESIUM MATRIX,
GRAPHITE FIBER 186 186

NICKEL MATRIX,
CARBON FIBER 191

NICKEL MATRIX,
GRAPHITE FIBER 194
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INDEX TO MATERIALS AND PROPERTIES (CONTINUED)

[AL/Lo = Thermal Linear Expansion, X - Thermal Conductivity
c = Specific Heat, e = Emittance, p = Electrical Resistivity] -

PROPERTIES
MATERIALS ___

AL/Lo X c p

NICKEL MATRIX,
SiC FILAMENT 211

KhN60V MATRIX,
TUNGSTEN WIRE 213

ZhS6K NICKEL ALLOY MATRIX,
TUNGSTEN FIBER 217

Ni-Cr ALLOY MATRIX,
THORIA DISPERSED 220 220

TITANIUM MATRIX,
MOLYBDENUM FIBER 223

Ti-6AI-4V ALLOY MATRIX,
BORSIC FILAMENT 228 228

TUNGSTEN MATRIX,
COPPER INFILTRATED 235

TUNGSTEN MATRIX,
MOLYBDENUM FIBER 238 238 238

TUNGSTEN MATRIX,
SILVER INFILTRATED 243
'E' GLASS FIBER 246

NC MATRIX

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ •

• ÷
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